Iron, once absorbed from the gastrointestinal tract, is distributed throughout the body by the specific iron-binding protein (IBP, transferrin, siderophilin) (1). Iron binding by IBP is presumed to be of a chelate type in which the hexacoordination capacity of the ferric ion is satisfied by linkage with three phenolic oxygens, one carboxyl group, and a bicarbonate ion on the remaining coordination position (2-4). Since IBP has been shown to have a highly selective ability to deliver iron to the immature red cell (5), we have utilized various synthetic iron chelates in an attempt to delineate the characteristics for iron binding essential to carry out this function of the protein.
Iron, once absorbed from the gastrointestinal tract, is distributed throughout the body by the specific iron-binding protein (IBP, transferrin, siderophilin) (1) . Iron binding by IBP is presumed to be of a chelate type in which the hexacoordination capacity of the ferric ion is satisfied by linkage with three phenolic oxygens, one carboxyl group, and a bicarbonate ion on the remaining coordination position (2) (3) (4) . Since IBP has been shown to have a highly selective ability to deliver iron to the immature red cell (5), we have utilized various synthetic iron chelates in an attempt to delineate the characteristics for iron binding essential to carry out this function of the protein.
Methods
Preparation of the reticulocyte-rich blood. Reticulocytosis was produced in adult albino rabbits (3 to 5 kg) by removing approximately 5 to 10%v of the total blood volume (30 to 40 ml) daily for 3 or 4 days by repeated cardiac puncture. Two days thereafter, a final cardiac puncture delivered all available blood, which was immediately placed into iron-free, heparinized glass containers. Reticulocyte count using the new methylene blue stain technique (6) indicated 10 to 25%, immature cells.
The red cells were separated from the plasma and leukocytes by centrifugation at 1,000 X g for 15 minutes at 40 C. The harvested cells were washed and centrifuged three times with 5 vol of iron-free, phosphate A preliminary report of these results was presented to the 45th Annual Meeting of the Federation of American Societies for Experimental Biology, Atlantic City, N. J., April 12, 1961. buffered (pH 7.4) Ringer's solution and then made up to a 50%o suspension by dilution with the buffer.
Control red cells low in reticulocytes were prepared from previously unbled animals.
Preparation of the incubating media. Iron-binding protein1 was made up in 30 /AM solution in Ringer's solution. Ferric chloride solution, 1.0 mM, tracer amounts of Fe'Cl3, and Ringer's solution were added to yield approximately 100,000 cpm per 5 ml in a well-type scintillation counter 2 at a final iron concentration of 15 ,eM and IBP concentration of 15 gM. Sodium bicarbonate (10-2 M) was added to insure complete iron binding by IBP, and the pH was adjusted to 7.4 with phosphate buffer. The IBP was 50%o saturated when prepared as described. The various iron chelate solutions ( Figure 1 , Table  I, and Figure 2, Table II) were prepared by metathesis from ferric chloride and the free ligand 3 in buffered Ringer's solution, with final iron concentrations of 15 1LM and ligand concentrations of 30, 75, and 150 /AM, which therefore resulted in 2: 1, 5: 1, and 10: 1 ligand: iron molar ratios. Fe'9Cl3 was added as described above. All the solutions were prepared immediately before use.
Evidence that the iron was in the chelate form was provided by hydrolytic and spectrophotometric properties. Freshly prepared solutions of ferric chloride at the same concentration, 15 ,uM, were water clear. After standing overnight they became turbid and deposited a flocculent precipitate of basic ferric hydroxides. The chelate solutions were stable to hydrolysis. Most of these compounds were intensely colored, and those compounds in Table II with the exception of U, V, and W were colored even after final dilution to 15 uM iron concentrations. Resistance to hydrolysis and typical color development are prime characteristics of chelate compounds (7) .
Procedure for study of iron transfer to cells. Two ml of the 50% cell suspension was incubated for 2 hours 1 Generously supplied by Dr. McClean, Cutter Laboratories, Berkeley, Calif. The 81 metal combining globulin (Fraction IV-7) was obtained from normal human plasma by conventional cold ethanol fractionation and assayed 85%o 8- A study of the transfer of iron from the compounds listed in Tables I and II to erythrocytes in a cell suspension of mature cells gave no evidence of measureable movement of iron to either cell stroma or hemolysate at equimolar or higher ligand/iron ratio. Compound P (Table II) was an apparent exception in this group. This sulfonic acid derivative yielded 2.0 ,ug per ml of cells of iron to the mature cells (1.2 ug on stroma, 0.8 Ig in hemolysate) at a ligand/iron ratio of 2/1 but did not provide any iron at higher ligand/iron ratios.
As a control study, we examined the uptake of iron chloride in a saline suspension of cells. Results of many such experiments were in full accord with published information in that at a total iron level of 4.2 ug per ml of cells no less than 70% of the total iron uptake was deposited on the stroma (5, 9), from mature or immature cell suspensions.
Iron chelates, iron transfer to reticulocytes. Table I presents the data for the transfer of iron from a group of hydrophilic, aliphatic, and related chelates to a reticulocyte-rich red cell suspension. The values reported have been calculated per milliliter of reticulocytes on the basis of the reticulocyte population of the preparation studied. Iron is not transferred to reticulocytes in appreciable quantity from most of the compounds in this group at any ratio of ligand to metal. For some compounds (C, E, F, I, J, and K) at low ligand/ metal ratios, some iron transfer to the reticulocyte does occur. Unlike IBP, most of the iron in these cases is adherent to the stroma of the cell. With all these compounds an increase in ligand ratio results in a decrease in total iron uptake by the cells, especially the stromal fraction.
The transfer of iron to reticulocytes by the compounds listed in Table II is similar in pattern to that of IBP. Inspection of the uptake values at 10: 1 ratio, where the chelated iron species is most pronounced, shows that the distribution of the reticulocyte iron is usually predominantly in the hemolysate. Compounds L through P represent a series in which the iron-binding portion of the molecule is constant, but systematic substitution on the aryl ring provides variability in the polar nature of the iron chelate. The unsubstituted compound, N, is intermediate in its iron delivery capability between the more lipotropic methyl and chlorine substituted congeners L and M and the more hydrophilic carboxyl and sulfonic acid derivatives 0 and P.
A second structural sequence (compounds Q, R, and S) shows an analogous pattern of relation between molecular structure and iron delivery. Again, the more hydrophobic compounds, Q and R, at the 10: 1 molar ratio, bearing the bulky hydrocarbon naphthyl and the dimethylbenzylhydroxy structures, provide optimal iron transfer to the reticulocyte with a high proportion of metabolically useful iron in a cell hemolysate. The amount of iron transported by the more hydrophilic sulfonic acid derivative, compound S, is lower but again with good distribution between stromal and hemolysate iron fractions.
The series of compounds T through V may be considered as derivatives of iminodiacetic acid in which the remaining hydrogen of the amino group has been substituted by a variably complex grouping such as the beta ethyl ether, compound T, the beta hydroxyethyl substituent of compound U, the more polar acetic acid, compound V, and the bulky barbituric acid group of compound W. All the compounds in this series provide iron to the reticulocyte with a hemolysate/stromal ratio similar to that of iron-binding protein.
Radioiron incorporation into hemoglobin. Hemoglobin precipitation showed that a minimum of 10%o of the hemolysate fraction from ferric chloride, 40%o of the hemolysate fraction from IBP, and 80% of the hemolysate from compound V was incorporated into hemoglobin. Qualitative data for compounds L, M, and N demonstrated radioactivity incorporation in hemoglobin. These results were confirmed by the electrophoretic studies, which showed the localization of radioactivity concomitant with the hemoglobin.
Discussion
The circulating iron of the plasma is rapidly removed, almost entirely by the marrow, in conditions of high iron utilization (10) (11) (12) . Most evidence suggests that the mechanism of this plasma iron removal involves the transfer of transferrin iron to immature red cells (5, 9, 13, 14). The chemical mechanisms by which transferrin is able to achieve this selective result are presently unknown.
The formation of the soluble but poorly dissociated iron transferrin chelate may provide a buffer system to maintain a continuous reservoir for low levels of ionic iron in the plasma. Such a function for transferrin would inhibit the characteristic nonselective adsorption of inorganic iron at metabolically inert sites on the reticulo-cyte stroma. In addition to such a solubility controlling function for iron in plasma, the selective structural characteristics of the iron transferrin chelate may permit delivery of the metal to sites on the reticulocyte membrane that permit rapid metabolic utilization of the deposited metal. Synthetic chelating agents provide a useful and precise tool to examine these possible functions for the naturally occurring iron-chelating agent, transferrin.
Choice of a suitable sequence of iron-binding agents makes it possible to "set" the ionic concentration of the free metal ion species at predetermined levels below, equal to, or above that characteristic of the interaction of transferrin and ferric ion. A convenient measure of this value is the log KMA (15) . For transferrin and ferric ion, log KMA has been variously reported as approximately 27 (16), 27.7 for the first iron atom of transferrin, and 29 or 30.2 for the second iron atom of the molecule (17, 18) . Were the metabolic function of transferrin related simply to its ability to maintain a soluble buffer system for the iron ion at a given low concentration, one would expect that the compounds in Tables  I and II would show a regular relation between iron-binding ability as measured by log KMA and the uptake of iron by the hemolysate fraction of the reticulocyte. This is not the case. Compounds V and N (log KMA 24.3 and greater than 30, respectively) (19, 20) , at the ends of the iron-binding spectrum vis-A-vis transferrin, are both able to provide the reticulocyte with metabolically useful iron as determined by incorporation into the heme molecule.
The data in Tables I and II suggest, however, that a relation does exist between the ionic iron concentration and the degree of nonspecific adsorption on the reticulocyte membrane. As the ratio of chelating agent to ferric ion is increased from 2: 1 to 10: 1, the degree of stromal iron deposition decreases, for example, with compounds I, J, and K, and M, P, and S. Since the result of increase in chelating agent concentration in these systems is to decrease the free metal ion concentration (7), one may presume that the change in ionic iron concentration, so induced, is at the critical level for nonspecific iron adsorption to the reticulocyte stroma.
Our present studies also provide some information on the structural aspects of iron binding that permit delivery of the metal to the young erythrocyte. The compounds utilized are divisible into two broad groups based on their ability to function in vitro in a manner analogous to the specific iron-binding protein of plasma. In the highest chelate iron molar ratios, at which the metal may be presumed maximally in the form of the iron chelate, the compounds in Table I inhibit the nonspecific adsorption of iron on the reticulocyte membrane by depression of the ionic iron in the medium. The iron chelate so formed, however, is unable to deposit the metal on those sites on the membrane from which it may be further utilized for metabolic conversion to iron porphyrin in the intracellular compartment. The most characteristic structural aspect of the hydrophilic iron chelates of the compounds in Table I is the net negative charge of the molecule at neutral pH. In this respect these iron chelates are similar to the red cell. It has been suggested that acid groups on the red cell membrane impart a negative charge to the surface of the cell; this negative charge may be the basis of the intercellular repelling force that prevents the red cells from touching each other (21) . In our study, the nonspecifically adsorbable positively charged ferric ion is converted to a negatively charged iron chelate that is also repelled from the cell surface. The net result, as observed, is decreased iron adsorption, specific and nonspecific, from iron chelates of this structural type. Similar results had been earlier reported by Jandl and co-workers (5) for EDTA (compound A, Table  I ).
Many of the synthetic iron chelates in Table II We have interpreted the results of these studies of the transfer of iron from synthetic chelating agents to the reticulocyte to support a dual concept of the metabolic function of iron-binding protein in plasma. In this view, transferrin serves as a soluble reservoir of ferric ion in the vascular system, which maintains the free metal ion concentration at a level low enough to minimize nonselective adsorption on the reticulocyte membrane. Interaction of iron with other plasma constituents is simultaneously inhibited.
A second major effect of protein iron binding is to so change the charge and environment of the metal ion that it may approach areas on the reticulocyte membrane surface where active metabolic intervention may then further the processes of iron utilization. Whether the subsequent reaction sequence involves reductive processes as has been postulated for certain tissue iron storage areas (24) , the intervention of metabolically controlled small molecular carriers as has been alternatively postulated (25) (26) (27) , or other active transport mechanisms for movement of iron transferrin to the reticulocyte (5), awaits clarification.
Summary
The transfer of iron from synthetic iron chelates of varied structure to rabbit reticulocytes has been studied. Iron-binding compounds of suitable structure such as NN'-ethylenebis (a imino-2-hydroxy-5-methylphenylacetic acid) and N,N'-ethylenebis (a imino-2-hydroxy-5-chlorophenylacetic acid (L and M) simulate the functions of transferrin in inhibiting nonselective membrane adsorption of iron and promoting utilization of the iron for incorporation into hemoglobin. Highly polar anionic iron chelates such as those of diethylenetriaminepentaacetic acid and ethylenediaminetetraacetic acid inhibit both nonselective deposition of iron on reticulocyte membrane and utilization of the metal for hemoglobin biosynthesis.
Our studies with synthetic model compounds clarify the dual role of transferrin in regulating ionic iron levels in plasma to minimize nonselective membrane adsorption and shed light on the protein's structural characteristics that promote selective iron delivery to the reticulocyte for hemoglobin synthesis.
